Abstract
INTRODUCTION
To restore a degraded lake ecosystem, the effects of changes in environmental factors on submerged macrophytes populations and/or communities, which degrade during the process of eutrophication, must be identified. The theory of alternative stable states suggests that without a change in nutrient loading, shallow lakes impacted by a strong external or internal force(s) can shift between a clear-water state with abundant submerged plants and a turbid-water state with dense phytoplankton distribution (Havens et al. 2001; Scheffer et al. 1993) .
Submerged plants are particularly sensitive to rapid changes in water level (Havens et al. 2004) . Fluctuations in water level might be the triggering mechanism for shifts in shallow lakes (Blindow et al. 1993; Havens et al. 2001) . Water level is a significant environmental factor that not only influences the water storage of lakes but also affects the water depth directly. Different areas of a lake can have different water depths because of the diverse topography of the lake bottom. The water levels of shallow lakes naturally vary both seasonally and yearly. The rhythm of water level changes can be regulated artificially. In Lake Taihu, the average annual water level, the maximum water level during the year and the maximum water level during the winter have all been gradually increasing over time (Yin et al. 2009) . When the water level rises, the water depth rises accordingly.
Water depth is an important index of hydrology, which influences other environmental factors such as underwater light intensity, temperature variation and nutrient content. Changes in all of these factors can affect the growth and distribution of submerged macrophytes (Strand and Weisner 2001) and the structure of communities (Wantzen et al. 2008) . For example, the reported effects of water depth on the growth of the submerged species Myriophyllum spicatum (Strand and Weisner 2001; Zhu et al. 2012) , Potamogeton pectinatus (Bucak et al. 2012) , Potamogeton maackianus and Potamogeton malaianus (Fu et al. 2012; Zhu et al. 2012 ) and on the community composition of submerged macrophytes (Dong et al. 2014) demonstrate that water depth plays a vital role in aquatic ecosystems. Light, which is one of the most important variables for photosynthesis during the growth of submerged plants, can be strongly influenced by the characteristics of the water column in an aquatic ecosystem (Bornette and Puijalon 2011) . Water transparency can be affected by coloured dissolved organic matter (CDOM) and the concentrations of both suspended solids and plankton (Kirk 1994) in water. All of these influential factors vary temporally and spatially. It is difficult to restore a community of submerged macrophytes by directly changing light intensity. According to the Lambert-Beer law, water depth is a key factor that controls light extinction in water (Palmeri et al. 2013 ). Artificial alterations of water level could affect the conservation and restoration of submerged macrophytes, which are considered economically and technologically feasible. Determination of the relationship between water depth and submerged plant growth is necessary. Because different species of submerged macrophytes likely differ in their shade tolerance (Le Bagousse-Pinguet et al. 2012) , their responses to water depth are likely species specific.
Potamogeton crispus L., a rhizomatous, perennial, submerged aquatic macrophyte in the family Potamogetonaceae, has a wide geographical range (Rogers and Breen 1980) . As a cosmopolitan submerged macrophyte native to Eurasia and Australia, it has spread to almost every state in the USA (Stuckey 1979) and is dominant in freshwater lakes, ponds and rivers throughout China (Xie and Yu 2011) . Submerged macrophytes are proposed as key elements in the functioning of shallow lakes. Potamogeton crispus, described as a winter-active species (Waisel 1971) , plays an important role in freshwater ecosystems by providing an important source of primary production during the winter (Rogers and Breen 1980) , inhibiting the growth of algae (Pakdel et al. 2013) ; absorbing considerable amounts of nitrogen, phosphorus (Gao et al. 2009 ) and heavy metals (Ali et al. 2000; Xu et al. 2011 ) from both the water column and the sediment; and providing fodder for herbivorous fishes (Jian et al. 2003) . Because of the important functions of P. crispus in freshwater ecosystems, its preservation in shallow lakes is critical. In addition, P. crispus is commonly selected as a pioneer species in ecological restoration programmes in shallow lakes (Dong et al. 2014; Selig et al. 2007) . The life history of P. crispus differs from other submerged macrophytes; for example, the turions of P. crispus germinate in the autumn and display rapid growth in the early spring when most other submerged plants are still dormant (Laskov et al. 2006; Ren and Zhang 2008) . This growth pattern permits P. crispus to avoid competition with other submerged species (Tobiessen and Snow 1984) and to occupy the winter vacancy, which promotes the year-round ecological restoration of shallow lakes. Thus, the effect of water level on the growth process of P. crispus warrants investigation.
Numerous studies have been conducted on different aspects of P. crispus. These studies include investigations of the germination process of the turions of P. crispus through field observations and indoor experiments under controlled conditions (Jian et al. 2003; Rogers and Breen 1980) , in which temperature appeared to be the major factor affecting the germination process. The nutrient content and structure of the sediment not only influence photosynthesis, biomass accumulation and the growth and distribution of the root system (Wang 2013; Zou et al. 2013) but also the production of turions and reserves in P. crispus (Xie and Yu 2011) . Dong et al. (2014) conducted monthly field investigations of the distribution and biomass allocation of submerged macrophytes, including P. crispus, at different water depths in Lake Taihu from May to October. Chen et al. (2011) studied the effects of water depth on the energy distribution of P. crispus during the early growth period in an ~2-month-long pot experiment. In addition, some ecological models, such as the Eco-Taihu model (Hu et al. 2006) , have been used to investigate the growth and distribution of submerged plants in Lake Taihu, including the winter-dominant species P. crispus, to predict and simulate the lake ecosystem environment.
Many of the above-referenced studies involved controlled indoor experiments; such experiments may not always account for other natural influences. Natural environmental conditions, including water movement in freshwater ecosystems, have significant effects on the growth of submersed macrophytes (Madsen et al. 2001) . Some field studies have investigated the suitable water depths for submerged macrophytes, but the water depth measured on a particular day of field investigation may not represent the optimum water depth for plant growth because of water level changes that naturally occur. In some instances, the experimental results from field and indoor studies may be dissimilar and even contradictory. Therefore, such data may be insufficient for appropriate lake environmental management and reliable ecological modelling. The germination, growth and reproductive performance of P. crispus all directly influence the succession course of this plant. A study that is focused on only one growth stage may not reveal the effects of water depth on the entire life cycle of this plant. Until recently, the hydrologic optima and tolerances of P. crispus and the effects of water depth on its growth over its life cycle had not been experimentally investigated under natural conditions. In addition, nondestructive root morphometric observations and measurements across the entire growth stage have been difficult to achieve in previous experiments. An improved understanding of the regulation of water depth at each stage of the life cycle of P. crispus is needed to allow managers to effectively manipulate the water level for the conservation and restoration of this submerged macrophyte.
A long-term in situ experiment was conducted to examine the effects of water depth on the growth of P. crispus (one of the dominant species of submerged vegetation in Lake Taihu) across the entire life cycle. The objectives of our study were to reveal the effects of three different water depths on the germination, growth, reproduction and morphological changes of this dominant species under natural environmental conditions; identify the optimum water depth range for colonization of P. crispus; and predict the succession course for P. crispus in Lake Taihu. We describe a new method of nondestructive root morphometric observation and measurement across the entire growth stage of P. crispus that can also be applied to other submerged plant species and other shallow lakes. The morphological parameters values acquired during the field experiment can be used to fit the different growth patterns at different water depths using the appropriate mathematical model. The present study also provides the basic data for parameter calibration, such as G maxSB (maximum growth rate of submerged plants, in the unit of d −1 ), for control equations of submerged plants growth and distribution in the EcoTaihu model. These data can be used to replace or provide the ranges for these parameters obtained via calibration. Using these measured values may improve the accuracy of the ecological model and further optimize the Eco-Taihu model so as to provide much clearer physical meaning.
MATERIALS AND METHODS

Study site
Lake Taihu (30°56′-31°34′N, 119°54′-120°36′E) is the third largest freshwater lake in China. It is a typical macrophyte and phytoplankton mixed type of lake and is located in the southern Yangtze River Delta, with a subtropical monsoon climate (Dong et al. 2014) . Aquatic plants are distributed across ~25% of the lake area, and submerged plants constitute >80% of the total aquatic plant area.
Field experimental set-up
The field experiment was conducted in a dredged area (31°1′56.03″N, 120°25′37.93″E) that was dug manually in Dongtaihu Bay (Fig. 1) . Dongtaihu Bay, located in the southeast part of Lake Taihu, is a macrophyte-dominated bay with a surface area of ~130 km 2 . Relative to the undisturbed bottom of the lake, the water in the centre (a 5-m long and 5-m wide area) of the dredged area was 2 m deep, and the elevation of the dredged area bottom was ~−0.7 m (Wusong elevation). To eliminate the effects of predation by fish, a purse-net enclosure with its top located above the water surface was created using fixed floating balls and bamboo piles around the dredged area. Two coated steel piles, each 5 m in length and 10 cm in diameter, were driven into the bottom of the dredged area at a depth of 1.5 m and with a design elevation of 2.8 m at the pile top and −2.2 m at bottom. Two float bowls (0.5 m in length, 0.5 m in width and 0.4 m in height) were fixed onto the two steel piles using two steel rings, and a wooden beam was fixed onto the two float bowls. The turions of P. crispus used in the experiment were collected from Lake Taihu and carefully selected for uniformity in September 2013. They were washed with lake water and then placed in a mesh bag, which was placed in a natural pond that is adjacent to Lake Taihu.
According to the new method of Hu et al. (2015) , an improved cross type of rhizotron, which was composed of clear acrylic glass (50 cm in height, length and width and 3.4 cm inner diameter) ( Fig. 2A) , was used to cultivate the plants during the experiment. Each rhizotron had four arms. The back and front sides of the rhizotrons were covered with 3-mm-thick, removable boards of black rigid plastic to exclude light from the root system. On observation days, these black boards were removed to allow observation of the roots through the clear back and front sides. The rhizotrons were positioned in the dredged area on a wooden stand and secured with a rope such that their upper mouths were maintained at a constant depth (Fig. 2B) . Three rhizotrons were initially placed in the experimental area with water depths of 60, 120 and 200 cm for 1 week to allow the sediment to settle. These three water depths represent the characteristic low, middle and high water levels in Lake Taihu, respectively. After each rhizotron was pulled out of the water, three P. crispus turions were placed for culture at equal intervals along each arm, 5 cm below the substrate surface. Then, the rhizotrons were returned to their original water depths.
The substrate used for the rhizotrons was collected from the surface sediment in Dongtaihu Bay and represented suitable sediment for plant growth in Lake Taihu. The sediment was filtered through a small aperture screen to remove live plants and zoobenthos and then mixed to yield a homogenous sediment environment. The substrate that was placed into the rhizotrons was slightly compacted and allowed to stand for 3 days to reduce volume loss due to gravity compression.
We set the experimental period to span the integral life cycle of the plant from germination to turion reproduction (including inactive growth and active growth stages) according to Kunii (1982) . The field experiment lasted 208 days from 26 October 2013 to 22 May 2014 (mid-autumn to early summer).
Observation indexes and methods
The water temperature was measured at 10 cm above the substrate surface and 40 cm below the water surface every 20 min using HOBO Pendant Temperature devices (Onset Computer Corporation Products, USA). A standard 30-cmdiameter Secchi disc was used to measure water transparency. Substrate samples were air-dried and ground into fine powder before subsequent laboratory analysis.
The first morphological observation was conducted on 6 November 2013, 11 days after the initiation of the experiment. Subsequent morphological observations were conducted on days 22, 34, 46, 68, 86, 127, 161, 184 and 208 of the experiment to follow the growth of the plants and the distribution of the root systems. We removed the rhizotrons from the water to measure the plant height with a ruler and count the numbers of leaves, ramets and turion spikes for an individual plant on each observation day. Root observations involved counting the root number and measuring each root length from the root base to the tip with a transparent ruler through the clear backs and fronts of the rhizotrons after removing the external black plastic boards. We also measured the length and width of the leaves at three different water depths. After the measurements on each observation day, the rhizotrons were restored to their original water depths.
The length-width ratio of the leaves was calculated as the percentage of length to width of the leaves. The germination ratio was calculated as the percentage of the seedling number to the total turion number within each rhizotron in the in situ experiment. The above-ground biomass response pattern to each of the three different water depths over time was examined via logistic regression.
During the field experiment, water samples were collected at three water depths on each observation day to measure the concentrations of total nitrogen (TN) and total phosphorus (TP). All of the water samples were analysed within 24 h of collection. Water samples of 100 mL from the different water layers were filtered through GF/C glass fibre filters (ø 0.45 μm, Whatman, UK) to determine the chlorophyll a (Chl. a) concentration. Unfiltered water samples were analysed directly for TN and TP concentrations. The TN concentrations (mg/L) were analysed using the alkaline potassium persulfate digestion method (GB11894-89) (Hu et al. 2002) , the TP concentrations (mg/L) were analysed using the ammonium molybdate spectrophotometric method (GB11893-89) (Wang et al. 2009) , and the Chl. a concentrations were analysed using the hot ethanol method (Chen and Gao 2000) . Three technical replicates per treatment were performed.
Methods for variables identification and calculation
More than 50 P. crispus plants grown in the field under natural conditions were collected from the lake bottom outside the experimental area in Dongtaihu Bay. The height, leaf number per ramet and dry weight of the plants were used to establish the functional relationship. A significant multiple linear regression equation (R 2 = 0.71, P < 0.05) was used to calculate the aboveground biomass (dry weight, B) per ramet for each plant:
where H and L are plant height and leaf number, respectively. The above-ground biomass (dry weight, g) of each plant at different water depths was calculated as follows:
where i is the water depth (60, 120 or 200 cm); B iIP is the above-ground biomass (dry weight, g) of an individual P. crispus plant at water depth i; B i is the above-ground biomass per ramet (dry weight, g) of an individual P. crispus plant at water depth i as calculated by equation (1); and R i is the ramet number of an individual P. crispus plant at water depth i. The rate of increase in plant height, leaf number per ramet, ramet number and the above-ground biomass of an individual P. crispus plant during the growth process was calculated as follows:
where G n is the rate of increase in plant length, leaf number per ramet, ramet number or above-ground biomass from the n th observation day to the (n+1) th observation day; L n and L n+1
are the plant length, leaf number per ramet, ramet number or above-ground biomass on the n th and (n+1) th observation day, respectively; and T n and T n+1 are the duration (d) from the beginning of the field experiment to the n th observation day and the (n+1) th observation day, respectively.
A logistic model can be used to describe the above-ground biomass response over time during the plant growth process. The above-ground biomass (dry weight, g) of an individual P. crispus plant at the three different water depths was calculated by equations (1) and (2). The mean values of each individual P. crispus plant biomass at the same water depth on the same observation day were fitted to the logistic equation to estimate coefficients for equation parameters k and r:
where B is the above-ground biomass (dry weight, g), which was calculated using equations (1) and (2); k is the aboveground biomass capacity; a is a constant; r is the growth rate; and t is the duration of the growth process (d). The goodness of fit was determined from the adjusted R 2 values.
The influence strength of water depth on the six parameters of P. crispus (plant height, leaf number, ramet number, root number, root length and above-ground biomass) was determined as follows: The influence strength per centimetre was expressed as follows:
where IS is the influence strength on one of the six parameters; S Ci is the value of plant height, leaf number, ramet number, root number, root length or above-ground biomass at Ci water depth; and C i (i = 1, 2) is one of the three different water depths (60, 120 and 200 cm).
Statistical analysis
All of the experimental data were analysed using SPSS 18.0 (SPSS, Inc., Chicago, IL, USA). Plant height, ramet number, root number and length were expressed as the mean values for all plants at each water depth. The numbers of leaves were expressed as the mean values per ramet for all P. crispus plants at each water depth. Data on plant height, ramet number, leaf number, root number, root length, the length-to-width ratio of the leaves and the number of turions in formation were analysed using the one-way univariate analysis of variance (ANOVA) method. Significant differences were reported when P <0.05. The root distribution ratio at different depths was calculated as the percentage root number in each sediment layer compared with the total number of roots. The biomass data for each water depth were fitted to a logistic equation using Origin 18.0.
RESULTS
Culture conditions
The means of the nutrient concentrations, such as TN, TP and Chl. a from the three water depths on each sampling day are provided in Table 1 . The mean concentrations of TN, TP and Chl. a in the field experiment period were 0.99 mg/L, 0.042 mg/L and 23.90 μg/L, respectively. The Secchi disc depth ranged from 80 to 200 cm over the entire experiment.
The water temperature ranged from 6.6 ± 0.8 to 23.5 ± 0.7°C at all three water depths during the experiment; the temperature difference among all water depths ranged from 0.2 to 3.8°C in this period. The nutrient concentration, transparency and temperature range of the water were favourable to the growth of P. crispus. The substrate in the rhizotrons had TN, TP, TOC and water contents of 0.246%, 0.168%, 1.95% and 51.94%, respectively.
Above-ground growth and morphology
Approximately 10 days after planting, all turions in the rhizotrons had germinated at the three water depths. Water depth had no significant effect on the germination ratio of P. crispus turions.
However, water depth did affect the growth of P. crispus. The results of one-way ANOVA of plant height, leaf number, ramet number, root number and root length of P. crispus at three different water depths are shown in Table 2 . The life span of P. crispus in the natural shallow lake was ~7 months (Fig. 3) . The life spans of the plants at water depths of 60 and 120 cm were longer than those at 200 cm. When the water temperature began to rise in the spring, P. crispus displayed a rapid increase in vegetative growth. Plant height and the numbers of ramets and leaves per ramet of P. crispus all increased by different degrees during the active growth stage (January to March) of the plant life cycle (Fig. 3) . Throughout the experiment, the maximum numbers of leaves and ramets were significantly greater (P < 0.05) at 60 cm water depth than those at 120 and 200 cm water depth, and the maximum plant height was significantly greater (P < 0.05) at 60 cm water depth than that at 200 cm water depth. During the active growth stage, plant height was greater at 120 cm water depth than that at 60 cm water depth. In the first 4 months (November to February), no significant differences in leaf number per ramet were found among water depths (P > 0.05). In the later experimental Values are the mean ± SE.
period (March and April), a significant increase occurred in the number of leaves at 60 cm water depth (Fig. 3B) . From November 2013 to January 2014, the ramet numbers of plants at 60 and 120 cm water depth were significantly greater than the values at 200 cm water depth (P < 0.05). After February, ramet number was greater at 60 cm water depth than at 120 cm water depth (P < 0.05). In early April, the ramet number at the 60 cm water depth attained its maximum value when the apexes of the P. crispus plants reached the water surface.
The length-to-width ratios of P. crispus leaves at water depths of 60, 120 and 200 cm are shown in Table 3 . During the growth process of P. crispus, no significant difference in leaf shape was found between the 60 and 120 cm water depths (P > 0.05). The leaves at 200 cm water depth were relatively narrower than those at 60 cm (P < 0.05). 
60 cm 120 cm 200 cm Figure. 3: the effects of water depth on the height (A), leaf number (B) and ramet number (C) of P. crispus in rhizotrons at three water depths. The bars denote the standard error. Different letters beside the data points on the same day indicate significant differences (P < 0.05) according to Tukey's honest significant difference test.
Root distribution
Approximately 1 month after planting, no root tissues were observed through the viewing panes of the rhizotrons at 120 or 200 cm water depth, i.e. P. crispus developed roots earliest at 60 cm water depth. Both the mean and maximum values of root length and root number at 60 cm water depth were significantly greater than those at 200 cm water depth throughout the experiment (P < 0.05) (Fig. 4) . From March to April, rapid increases in root number and root length occurred in P. crispus at 60 cm water depth. The number of roots at 200 cm reached a maximum value ~4 months after planting and then decreased earlier than did those at the other two water depths. Fewer roots were observed at 120 cm water depth than at 60 cm water depth (P < 0.05). The root number at 120 cm water depth decreased almost concurrently with that at 60 cm water depth. The root system of P. crispus plants showed the most rapid growth and abundant distribution at water depth of 60 cm, followed by 120 cm and then 200 cm. The root number distribution ratio in each of the 0-5, 5-10, 10-15 and 15-20 cm depths of substrate was calculated as the percentage of root number in each substrate layer (zero indicates the water-sediment interface) to the total number of roots over all of the substrate layers. The rooting depth of P. crispus plants at each water depth is shown in Fig. 5 . A higher proportion of roots were distributed in the 0-5 cm layer at deeper water depths. Most of the roots were distributed in the 5-10 cm layer. The ratio of the root length distribution was ~85% in the 0-10 cm layer of the substrate at water depths of 120 and 200 cm on 2 March 2014. The root number ratio in the 10-20 cm layer at 60 cm water depth was almost twice than that at 120 cm water depth. No roots were found in the 15-20 cm layer at 200 cm water depth. The roots at water depth of 200 cm showed slowly growth and shorter lengths.
Turion formation
Turion formation occurred from early April to mid-May in the field experiment. The axillary shoots emerged from the buds on the upper nodes. The apical portions of the axillary shoots subsequently changed into turions. The maximum turion production occurred in early May. The maximum number of turions per ramet at 60 and 120 cm water depth were 5.08 ± 1.38 and 1.89 ± 0.87, respectively. The value at the 60 cm water depth was significantly greater than that at 120 cm water depth (P < 0.05).
No turion formation occurred at the 200 cm water depth.
Growth rate and influence strength calculations
The rates of increase in plant height, leaf number per ramet, ramet number and above-ground biomass of P. crispus were calculated by mathematical expression ( (Table 4 ).
The influence strength of water depth on the six morphological parameters of P. crispus plant was calculated by mathematical expressions (5) and (6). Table 5 shows that the influence strengths per centimetre of the different water depths on the six parameters ranged from 0.0030 to 0.0080 cm −1 .
Logistic equation
A mathematical model that can describe the observed response patterns was considered. The relationship of aboveground biomass production to time (from zero to the maximum value across the entire life cycle of P. crispus) at each of the three water depths fits the logistic growth curve well (P < 0.001) (Fig. 6A) , with r-values ranging from 0.037 to 0.063, which provided a good reference for the Eco-Taihu model parameter G maxSB . The correlation between biomass production and time ranged from 0.893 to 0.999. The values of k at 60, 120 and 200 cm were 21.416, 3.381 and 0.871, respectively. The standardized residuals between the observed above-ground biomass and the predicted ones ranged from −1.30 to 1.74, indicating that the above-ground biomasses of P. crispus predicted by the logistic regression equation are reliable (Fig. 6B) .
DISCUSSION
Growth and metabolism responses
Rhizotrons, which allow the nondestructive evaluation of root growth, are important research tools (Busch et al. 2006 ). The new cross-type rhizotron was successfully used in the present study to investigate the effects of water depth on the morphological changes of P. crispus plants in natural waters while allowing for independent experimental units and nondestructive root morphometric observations and measurement during the experiment. The rhizotron filled with sediment can keep stability in natural shallow lake owing to its cross-type construction and heavy weight. The water depth significantly affected the increase rates of the morphology indicators and senescence.
Secchi disk depth is the most straightforward measure of light penetration in aquatic ecosystems (Padial and Thomaz 2008) . The vertical attenuation coefficient (k) of photosynthetically active radiation (PAR) can be predicted by a hyperbolic function using nonlinear fitting with the expression k S D = -1 584 0 894 . * . . The percentage of the irradiance at the maximum colonization depth to the surface irradiance is ~5% for P. crispus (Middelboe and Markager 1997) . According to the Lambert-Beer law, light extinction in a water column can be expressed by the equa-
, where I(0) and I(z) are the light intensity just below the surface and the light intensity measured at water depth z (m). From our calculations, we concluded that throughout most of the experiment period, the light compensation depth of P. crispus was ~135.4 ± 14.1 cm.
The germination ratio of the P. crispus turions reached 100% in this field experiment. A high germination ratio may be a vital maintenance mechanism for P. crispus as a dominant species in many lakes (Jian et al. 2001) . Turions contain adequate nutrients for germination. Temperature appears to be a major factor affecting turion germination in the autumn (Rogers and Breen 1980; Sastroutomo 1981) . In our study, the water temperature ranged from 7.6 to 21.6°C at all three water depths 1 month after planting; temperature differences among all water depths ranged from 0.2 to 3.3°C during this time period. This range is favourable to the germination of P. crispus turions (Kunii 1982; Rogers and Breen 1980) . In natural shallow lakes, turions germinate when the environmental conditions are suitable. Even given the high germination ratio of turions, the seedling growth Table 4 : rates of increase in plant height, leaf number per ramet, ramet number and above-ground biomass of P. crispus (d of P. crispus can be limited by inadequate environmental factors in mesotrophic areas of shallow lakes (Yamaguti 1944) . Therefore, the effects of water depth on the growth processes of P. crispus after germination should be considered. With increasing water depth, the photosynthesis of submerged aquatic plants can be severely limited by the corresponding decrease in light intensity (Kirk 1994) . The light requirement of plants is related to their growth form as a higher plant biomass per unit of light-absorbing surface area increases the plant's ability to harvest light (Middelboe and Markager 1997) . Plants at deeper depths can obtain adequate light resources by increasing their height, but this behaviour limits the amount of resources that can be allocated to other purposes (Fu et al. 2012) . The maximum values of plant height and ramet number were lower at deeper water depths than at 60 cm water depth in our study, possibly because normal growth was restricted at the deeper depths, where the light intensity was near or less than the light compensation point of P. crispus.
Four months after the beginning of the experiment, a significant increase in the number of leaves at the 60 cm water depth was observed. This finding was likely due to the plants' ability to obtain sufficient optical radiation and CO 2 for photosynthesis when their apexes were near the water surface. In addition, the height and ramet number of these plants had significantly increased. In contrast, fewer and narrower leaves were found at 200 cm water depth likely because the plants could not obtain sufficient optical radiation despite the increase in the length-to-width ratio of leaves and the potential reduction in the self-shading effect. This result indicates that plants' morphological plasticity could not meet their needs and that their normal growth was restricted.
The maximum number of ramets emerged at the 120 cm water depth before February, but the numbers at 60 water depths were higher after that. As a perennial clonal plant, P. crispus grown at a shallower water depth increases its clonal growth to enhance its competitive ability. The optimal partitioning theory states that with changes in the environment and competition, plants preferentially allocate biomass to acquire the resource that mostly limits growth (Grime 1977) . In water, light is exponentially attenuated with depth (Pedersen et al. 2013) . As plants grow, more energy is consumed. Therefore, the longitudinal growth of plants is substantially restricted, which hinders their ability to acquire light for photosynthesis. This feedback effect further imposes restrictions on clonal propagation (e.g. ramet production) of plants (Xu et al. 2014) . In contrast, excess light can inhibit photosynthesis or even harm the photosynthetic apparatus (Long et al. 1994) . Su et al. (2004) reported that the photosynthetic rates of P. crispus under direct sunlight conditions were 42.3% lower than the reported light saturated photosynthetic rates of this plant. The ramet number at the 60 cm water depth attained its maximum value when the apexes of the P. crispus plants reached the water surface. Subsequently, plant height continued to increase, but ramet number decreased, likely due to inhibition of photosynthesis by the excess light and the resource competition caused by the high plant density. Furthermore, these results indicate that plants can increase their vertical growth to escape the shading that is caused by crowding, as reported by Jiang et al. (2008) . Rooted plants are able to consume dissolved nutrients (e.g. phosphorous or nitrogen) both from the water column via foliar uptake and from substrates via root uptake (Madsen and Cedergreen 2002; McFarland et al. 1992) . In most natural situations, submerged plants can acquire considerable quantities of nutrients from the sediment via their roots (Carignan and Kalff 1980) . Root distribution is associated with plant nutrient absorption and fixation. Plants can adjust their biomass allocation patterns to optimize resource acquisition and to minimize imbalance in any critical condition (Bloom et al. 1985; Chapin et al. 1987) . The growth of the P. crispus plants was restricted at the 200 cm water depth because light availability was very deficient. To acquire sufficient optical radiation, more resources were allocated to the longitudinal growth of plants rather than to root growth. A higher root distribution ratio in the deep layer of sediment can partly increase the efficiency of nutrient absorption and relieve the stress of root competition by minimizing the overlap with and interference from neighbouring roots (Xie et al. 2006) . The abundant root tissues at shallower water depths benefit the resistance of P. crispus to water currents and wind waves. We conclude that the root distribution of P. crispus responds to water depth and it can help the plant adapt to competitive environments by increasing the efficiency of resource acquisition. Because of the limited nutrient acquisition from the sediment and the greater risk of plant breakage by water waves, the plants at 200 cm water depth were less competitive than those at the shallower water depths.
Potamogeton crispus has various modes of propagation, including vegetative reproduction and sexual reproduction, and can form both numerous seeds and large numbers of turions (Xie and Yu 2011) . Rogers and Breen (1980) found that the seed density of P. crispus (1445 m −2 ) was higher than the turion density (1129 m −2 ) on the sediment surface in a natural water body. However, the natural germination percentage varied dramatically from 60% in turions to only 0.001% in seeds. Vegetative propagules, such as tubers, rhizomes and turions, are important in the propagation and dispersal of aquatic macrophytes. Potamogeton crispus is mainly dependent on vegetative reproduction for propagation (Nichols and Shaw 1986) . The turions of P. crispus are apparently the primary means of propagation (Kunii 1982; Woolf and Madsen 2003) . The results of these studies suggest that turions are the most important propagules of P. crispus. The mean number of turions per shoot, which indicates the reproductive performance of P. crispus, showed that water depth had a strong influence on plant propagation.
The germination, growth and reproductive performance of P. crispus influence the course of succession of this plant in the following year. Understanding succession under field conditions is essential to comprehend the natural population dynamics of P. crispus. Potamogeton crispus distribution in the following year can be predicted based on turion formation in the current year, and these turions can germinate under natural conditions. If no turion formation occurs in the preceding year, if the turions do not germinate or if plant growth is severely limited, the distribution of P. crispus will be limited in the following year. Because no turion formation occurred, 200 cm water depth is not suitable for the growth and restoration of P. crispus. The water depth of 120 cm is approaching the limiting water depth for P. crispus restoration as the product of the mean number of turions per shoot, 1.89, multiplied by 60% of the natural germination percentage in turions was only 1.134 but >1.
The pattern and mechanism of influence of water depth on P. crispus Among the six parameters (plant height, leaf number per ramet, ramet number, root number, root length and aboveground biomass), root number was the parameter most strongly affected by water depth in the shallower water layer (60-120 cm) and ramet number was the parameter most strongly affected by water depth in the deeper water layer (120-200 cm). In above-ground plant structures, the counteraction between the response of longitudinal growth and the limitation of available resources on plant growth minimizes the influence strength of water depth on plant height, whereas the synergism between the reduction of clones and the light limitation on plant growth results in a strong effect of water depth on ramet number. No substantial variation existed in the influence strengths per centimetre of height, leaf number or above-ground biomass among the different water layers. In the underground plant structures, the IS values in the shallower water layer (60-120 cm) were greater than those in the deeper water layer (120-200 cm). The influence strengths per centimetre in the shallower water layer are almost twice those of the deeper water layer, indicating that the variation in water depth significantly affected root growth (including quantity and longitudinal growth) in the shallower waters.
Parameters for a mathematical model
Some ecological models consider submerged plant growth and distribution for the prediction of lake ecosystems. The Eco-Taihu model (Hu et al. 2006) , a three-dimensional ecological model based on analyses of the environmental characteristics of Lake Taihu, was built for the prediction and simulation of the changes in water quality, nutrient cycling and plankton development. Biological processes, including submerged plant growth and distribution, are considered in this model. In comparing model results with observed results, the deviations of the Eco-Taihu model from the observed data are inappropriately large at some sites and during some periods. Variable model parameters (e.g. growth rate) of the ecosystem structural dynamics model can be used for calibrating and improving the accuracy of the ecological model. The maximum growth rate of submerged plants (G maxSB , in the unit of d −1 ), one of the constant model parameters obtained by calibration, was used to calculate the governing equation to reflect the growth and distribution of submerged macrophytes in the Eco-Taihu model. The data from the field experiment can be used to replace the values of G maxSB or provide ranges for it. This may reduce the deviations of the modelled results from the observed values and be used to further optimize the Eco-Taihu model with much clearer physical meaning in Lake Taihu.
In the field experiment, the maximum growth rates of plant height, leaf number, ramet number and above-ground biomass of P. crispus were all <0.5 d −1 , which indicates that the corresponding parameters used in the Eco-Taihu model should not be >0.5 d −1 and that values >0.5 d −1 would be problematic.
A logistic model is suitable for the description of biomass responses over time. In this study, a logistic model was applied to assess the different patterns of P. crispus growth at three different water depths. The above-ground biomass of P. crispus at 60 cm water depth estimated by the logistic regression equation was six times greater than the value at 120 cm water depth. The widespread presence of P. crispus may limit the opportunities for other submerged macrophyte to establish and survive so that a reduction in the richness of other local species may occur (Bolduan et al. 1994) .
The characteristics of P. crispus in our field experiment suggest that regulating water level changes within a suitable range through water conservancy projects could promote the recovery, growth, propagation and dispersal of P. crispus and facilitate conservation and ecological restoration. At water depths of 60-120 cm, P. crispus exhibited greater above-ground biomass and root tissue growth, stronger reproductive ability and a longer life cycle than at the deeper depth. This 60-120-cm depth range should be regarded as a suitable growth range for the conservation and restoration of P. crispus in Lake Taihu. The logistic regression of the growth of P. crispus above-ground biomass can be used to estimate biomass versus time in the growth stage. Based on the succession course of P. crispus and the results discussed above, the following conclusions can be generated: The propagation of P. crispus can be promoted by a maintained water depth of 60-120 cm in the late spring. Maintaining a water depth deeper than 60 cm would be favourable to increase the richness of other submerged macrophytes in shallow lakes. The designed rhizotron used in the present study can also be applied to the study of other plant species and other shallow lakes. Furthermore, additional species of common submerged plants should be considered in future research to add the recovery and dispersal of the submerged macrophyte community in Lake Taihu and very eutrophic shallow lakes.
